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Submarine landslides, one of the hotspots in marine geoscience research, are one of the most harmful marine geological disasters. To understand the research status and further research directions of submarine landslides, this paper analyzed the global submarine landslide-related work during the period from 2001 to 2020. To achieve this objective, Science Citation Index Expand and the Social Sciences Citation Index, belonging to the WoS Core Collection, were the two bibliographic databases selected as a reference. In this study, we focused on document types, publishing languages, subject categories, journals’ productivity, countries and author, and co-occurrence keywords network. Geoscience multidisciplinary, Geochemistry Geophysics, Oceanography, Environmental Sciences, and Materials Science Multidisciplinary have been the most commonly used science categories in the past two decades. Marine Geology, Marine and Petroleum Geology, Journal of Volcanology, and Geothermal Research are the three most productive journals on submarine landslides. Marine Geology is the most active journal among all the journals. The United States, the United Kingdom, China, Germany, and France are the five most productive countries. At the institutional level, the Centre National De la Recherche Scientifique (France) is the most active institution, followed by the Chinese Academy of Sciences (China) and Helmholtz Association (Germany). Masson DG and Talling PJ from the United Kingdom contribute to the most high-quality submarine landslide-related publications. Analyzing by CiteSpace, the five largest clusters in the submarine landslide field are “gas hydrate,” “turbidity current,” “thin film,” “debris avalanche,” and “submarine canyon.” Active further research directions of submarine landslides are “south china sea,” “slump,” and “submarine mass failure.”
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INTRODUCTION
Submarine landslides are a type of marine landslide, a general term that refers to the downward or outward mass movement of sea floor sediments (e.g., Hampton et al., 1996; Locat and Lee, 2002; Masson et al., 2006). On the basis of the wide sea area, large depth, diverse topography, structural conditions, and hydrodynamic conditions, submarine landslides are different from landslides on land in formation environment, development scale, occurrence mechanism, and movement mode (e.g., Heidarzadeh et al., 2014; Zhu et al., 2015; Ye, 2017). In the 1960s, researchers increased their attention to submarine landslides and focused on submarine slope failure and mass movement by using seafloor topography. Since the development of seismic techniques, submarine landslide topics discussed in the literature have tended to have specific academic interests, for instance, their role in the evolution of the submarine landscape and as a cause of tsunamis (e.g., Hampton et al., 1996; Fu et al., 2017).
With the increasing thoroughness of the process of exploration and development of the ocean, the large-scale development of marine oil and gas resources, and the rapid development of various marine engineering construction, the study of seabed geological disasters has become increasingly notable. Many types of submarine geological disasters exist, and more than 20 types have been found, such as submarine landslides, deep-water “three shallow” (i.e., shallow gas, shallow water flow, and gas hydrate) geological disasters, earthquakes, tsunamis, and sea level changes (Wu et al., 2021). Submarine landslide is one of the most harmful marine geological disasters and is closely related to other marine geological disasters. Therefore, the submarine landslide has become one of the hotspots in marine geoscience research.
Bibliometrics is based on literature as the research object. It mainly employs quantitative statistical analysis, statistical literature quantity change, distribution, and change law and is widely used in scientific research evaluation and discipline or research field status, hotspot, and trend analysis (Hu and Zhang, 2021). The use of bibliometric analysis to analyze a certain field of geoscience for studying the development and Frontier hotspots in this field has been increasing (Zhang et al., 2016; Li, 2017; Zhu et al., 2018). Today, many studies are focusing on the analysis of global landslide research. For example, Gokceoglu and Sezer analyzed the quantity change, journals, and keywords of global landslide literature from 1945 to 2008 (Gokceoglu and Sezer, 2009). Wu et al. (2015) analyzed the development trend, main publications, and keywords of global landslide literature from 1991 to 2014. Sassa et al. (2015) analyzed papers published in Landslides from 2009 to 2013. However, few studies have focused on submarine landslides using the bibliometric method.
In this paper, on the basis of the Web of Science (WoS) Core Collection database, we perform a statistical analysis of the publication metadata on submarine landslide research from 2001 to 2020. We mainly focus on 1) several aspects of the publications on submarine landslides, including the type and languages of documents, the trend of publications and citations; 2) the output co-occurrence of subject categories, countries, journals, and authors; 3) research status and future research directions of submarine landslides according to the co-occurrence of keywords network to investigate. This work provides a reference for global scholars to refine their research objectives and follow-up research in the submarine landslides field.
MATERIALS AND METHODS
All publications are from the Science Citation Index Expanded (SCIE) and Social Sciences Citation Index (SSCI), which belong to the WoS Core Collection database (https://www.webofscience.com/wos/alldb/basic-search). The SCIE and SSCI databases are the most important, influential, comprehensive, and selective collections covering the sciences. A series of terms, namely, “submarine landslides*,” “submarine mass movement*,” “mass-transport deposits*,” “submarine slope failure*,” “submarine slope instability*,” and “submarine hazard*” were used to search for all publications that contained those words in the title, abstract, and keywords. As a result of this search, 6,111 publications from 2001 to 2020 were identified. To avoid possible fake results, we analyzed the publications in the search manually one by one. Ultimately, our results contained 5,831 records from 2001 to 2020, which were downloaded on 25 November 2021. We used these records as the research object of this paper. Although the data collected do not cover all relevant literature, a large dataset and a highly recognized database are representative.
In this paper, we conducted a series of analyses, for example, the number of publications and citations per year and the number of document types, by using MS Excel and Golden Grapher. Additionally, two types of software are commonly used in the bibliometric analysis. One type is VoSviewer (VOS). It was developed by Nees Jan van Eck and Ludo Waltman at Leiden University’s Center for Science and Technology Studies in 2007 (Van Eck and Waltman, 2007; https://www.vosviewer.com). VOS presents the structure, law, and distribution of scientific knowledge through the visualization method. The other type is CiteSpace, designed as a tool for progressive knowledge domain visualization by Chen. (2004) (http://cluster.cis.drexel.edu/∼cchen/citespace/). CiteSpace uses nodes to evaluate the research directions and hotspots in a field. The two types of software provide scientific research perspectives from different aspects. Therefore, the journal and author bibliographic coupling and the co-occurrence of journals and country are assessed using VOS software (Version 1.6.16). Our keyword analysis used publications’ keywords as analysis objects, which use CiteSpace 5.8.R3.
In this study, papers published from England, Northern Ireland, Scotland, and Wales were reclassified as derived from the United Kingdom (UK), and papers published from Mainland China and Taiwan were reclassified as China.
RESULTS AND DISCUSSION
Document typology and languages
From 2001 to 2020, 5,831 publications of 10 types were retrieved according to WoS. “Articles” (5,551) is the main type, accounting for 95.2% of the total number of publications (Figure 1A). “Proceeding Papers” and “Review Articles” accounts for 4.8% (281) and 4.1% (239) of the total number of publications, respectively. Other types of papers are “Editorial Materials,” (31 publications, 0.5%) “Book Chapters,” (6) “Corrections,” (6) “Letters,” (3) “Early Access (2),” “Retracted Publications,” (2) and “Reprints” (1).
[image: Figure 1]FIGURE 1 | (A) Document type in the field of submarine landslides from 2001 to 2020; (B) Number of publications and total citations on submarine landslide research from 2001 to 2020. Gray bars represent the number of publications. The dark line represents the number of citations.
Ten publishing languages are among the publications from 2001 to 2020. The predominant language of the collected records is English (99.3%). Chinese (19, 0.3%) and Spanish (9, 0.1%) account for a relatively small proportion of the publications. The remaining languages are French (5), German (3), Polish (3), Italian (2), Russian (1), Turkish (1), and Unspecified (1).
Publication output trend
The total number of publications in the field of submarine landslide demonstrates a significant increase from 143 in 2002 to 515 in 2020. The average annual growth rate is approximately 7.5% but is uneven (Figure 1B). From 2001 to 2010, the number of publications fluctuates: three small drops occur, one each in 2002, 2007, and 2010. In the subsequent years, the number of publications increases steadily. The number of citations shows a similar trend to that of publications. The number of citations is 49 in 2001, which is relatively lower than in the remaining years. Since 2003, the number of citations has increased from 273 to 21,413, with an average annual growth rate of approximately 24%, except for that of 121% in 2003. However, the declining trend in the annual citations in our study and that by Wu et al. (2015) do not differ, indicating that the old and recent publications related to submarine landslides are cited very frequently.
The outputs beyond the aforementioned aspects are summarized in Table 1. The authors in the articles increase from 451 to 2,637 over the entire study period. This increase indicates that the research on submarine landslides has received increasing attention from 2001 to 2020. A similar decrease in the number of total authors occurred in 2007, which is consistent with the trend in the number of publications. The average author per publication increased from 3.2 at the beginning of the 20-year period to 5.1 at the end of it, indicating that cooperation in the research field of submarine landslides has increased. Furthermore, the citation per publication increases from 0.3 to 41.6 during the entire period. These data reveal that the research related to submarine landslides has become increasingly important and complex and that the cooperation among scientists has increased.
TABLE 1 | Annual output of submarine landslide-related publications, 2001–2020.
[image: Table 1]Subject categories and major journals
In the WoS, journals can be assigned to several subject categories. The number of categories related to the field submarine landslide fluctuates from 48 in 2004 to 67 in 2020, with a peak of 75 in 2016, over the entire period. This finding indicates that submarine landslides research is a typical type of interdisciplinary research and involves numerous disciplinary areas. In this study, five productive categories are shown in Figure 2. Geosciences Multidisciplinary ranks first place, accounting for 2017 records (34.6% of total publications). The number of publications in Geosciences Multidisciplinary rapidly increases with an average annual growth rate of 10.6%. Four peaks are observed: one each in 2005, 2009, 2018, and 2020. Furthermore, three obvious decreases are observed—one each in 2003, 2007, and 2017—and the other four categories slightly increase. The other four most productive categories are Geochemistry Geophysics (732, 12.6%), Oceanography (711, 12.2%), Environmental Sciences (524, 9.0%), and Materials Science Multidisciplinary (451, 7.3%). Compared with Geosciences Multidisciplinary, all four categories increase steadily and change over the entire period, implying that the interest of scientists in the four categories changed over time. The single-subject research category has been unable to understand submarine landslides effectively, and multidisciplinary research has become the research trend. These five groups cover approximately 76% of research articles related to submarine landslides, indicating that the studies on submarine landslides are involved in a wider range of science categories.
[image: Figure 2]FIGURE 2 | Annual significance of first five subject categories on submarine landslides, 2001–2020.
During the past two decades (2001–2020), submarine landslide-related articles have been published in 1,080 journals. The number of journals related to submarine landslides fluctuates from 91 in 2002 to the highest number, 250, in 2020. The top 20 most productive journals in publications are listed in Table 2. The publications in these journals (8% of all journals) account for approximately 1718 publications and 29.48% of all records, revealing the importance of these journals in the field of submarine landslide. Marine Geology has 327 articles, accounting for 5.608% of the total articles and ranking first place. It is followed by Marine and Petroleum Geology (182, 3.121%), Journal of Volcanology and Geothermal Research (100, 1.715%), Geomorphology (91, 1.561%), and Journal of Geophysical Research-Solid Earth (90, 1.543%). In this study, we show the article impact factor (AIF), which is calculated as the number of citable items in 2018 and 2019 divided by citations in 2020 to items published in 2018 and 2019 (Table 2). A linear relationship between AIF and IF, calculated by the WoS, was (R2 = 0.633), revealing that the submarine landslide-related articles provide a significant contribution to the journal’s IF. This result is consistent with that of Wu et al. (2015). The annual number of publications for the top five most productive journals shows that the number of publications of Marine Geology ranks first place in most years, except for 2001, 2013, and 2018–2020 (Figure 3). The annual number of publications of Marine and Petroleum Geology increase rapidly over the entire period and have exceeded those of Marine Geology from 2018 to 2020). The number of publications of the remaining three journals fluctuates steadily, and they exchange their relative rank several times over the entire period. However, although the average citations per article of the top three journals are relatively higher than that of all other journals, the journal with the highest average citations per article is Journal of Geological Research: Solid Earth (42.94), followed by Geology (42.17) and Earth and Planetary Science Letters (41.34). This finding indicates that these journals have a certain influence on the study of submarine landslides.
TABLE 2 | Top 20 most productive submarine landslide-related journals, 2001–2020.
[image: Table 2][image: Figure 3]FIGURE 3 | Annual significance of the top five most productive journals on submarine landslides, 2001–2020.
The H-index value is based on a list of publications ranked in descending order by the times cited count. An index of H means H papers have each been cited at least H times. The highest H-index is for Marine Geology (53); thus, among the journals, Marine Geology published the highest quality submarine landslide-related articles.
To improve the understanding of the relationship among the items, e.g., journals, authors, and countries, researchers have used bibliography coupling via VOSviewer software for analysis (e.g., Gizzi and Leucci, 2018; Fan et al., 2020). Figure 4 shows the occurrence among the top 21 most productive journals observed in this study. The minimum number of documents of a source (journal) is 50. Each journal is represented by a node. In general, the distance between each node indicates the strength of the relationship with other journals. It demonstrates that the shorter the distance, the stronger relationship. Furthermore, the thicker the lines, the stronger the links. In addition, the higher the weight of an item, the larger its node/circle. The color of an item is determined by the cluster to which the item belongs (van Eck and Waltman, 2007). In this study, four clusters with different colors are identified. The same color denotes a relatively strong connection, providing evidence that the same cluster manages comparable topics. Cluster size ranges from 1 to 10 journals. Clusters 1 (4) with red (yellow) nodes have 10 (1) journals. Clusters 2 and 3 have five journals each and are labeled in green and blue, respectively. According to the thickness and distance of the link lines, as well as the size of the node, Marine Geology plays an important role in the bibliography coupling network. Clusters 1, 2, and 4 contain journals that published articles mainly on geoscience multidisciplinary, geochemistry, and geophysics. Science of the Total Environment and Electrochimica Acta is far from other journals, indicating that published articles on electrochemistry and environmental science are relatively less cited in, for example, geoscience multidisciplinary, geology, and oceanography categories.
[image: Figure 4]FIGURE 4 | Network visualization map of top 21 most productive journals, 2001–2020.
Publications origins: Countries, institutions, and authors
In this study, from the national perspective, an increased number of countries accompany an increased number of publications on submarine landslide-related research. During the entire period, the number of countries that worked in this field ranges from 58 to 126; the peak (126) was in 2020. Table 3 lists the top 20 most productive countries in this field with essential information (e.g., total publications, total citations, and H-index). Among the 20 countries, 11 countries are from Europe, four countries are from Asia, and the remaining countries are from North America (2), South America (1), and Oceania (2). The United States (United States) ranks first place with 1703 publications (29.206%), followed by the United Kingdom (914 publications) and China (812 publications). An obviously significant gap between first place (United States) and second place (United Kingdom) indicates that the United States holds the leadership role among the top 20 countries. In Table 3, although the H-index of China (59) is relatively high, the citation per article in China (21.85) is lower than that of most countries, indicating that its researchers should focus on improving research quality.
TABLE 3 | Top 20 most productive countries in submarine landslide research, 2001–2020.
[image: Table 3]Figure 5 shows the annual trend of the top 10 most productive countries. Before 2018, the number of US publications is higher than that of other top 10 most productive countries. From 2001 to 2016, the United Kingdom ranks second in the number of publications. Since 2011, the number of publications from China in this field has sharply increased, and in 2017 and 2018, the number of publications from China exceeds that of the United Kingdom and the United States, respectively. We posit that the Fukushima nuclear disaster, triggered by a tsunami in Japan in 2011, increased China’s awareness of the urgency of studying submarine landslides. Since then, China’s strategy for marine research since 2012 and its key study on natural gas hydrate in the South China Sea in approximately 2017 have played an important role in submarine landslide research. China ranks first in recent years in average annual growth rate, with 23.6% over the past decade. The number of other seven countries does not increase significantly.
[image: Figure 5]FIGURE 5 | Annual significance of the top 10 most productive countries on submarine landslides, 2001–2020.
Figure 6 shows the co-authorship among the top 20 most productive countries, where the nodes denote the country, size, and total number of articles by country, and line thickness demonstrates the strength of the relationship between the two countries. The minimum number of documents for a country is 84. The United States and the United Kingdom are the two biggest nodes, and they have collaborated with all the top countries, showing that the United States and the United Kingdom play a key role in the cooperation network because they are the primary collaborators among the top productive countries (Figure 6A). Three clusters are observed in Figure 6A. Cluster 1 has 11 countries with a red node, which are all from Europe, and cluster 2 has seven countries with a green node, which are from the United States and Asia. The remaining two countries from Oceania are identified in cluster 3, denoted by blue nodes. In the co-occurrence map, the thickness of the lines between two countries represents the close degree of cooperation between them. The thicker and shorter the lines, the closer the cooperation between two countries. In the field of submarine landslide research, the most closely cooperative entities are United States–United Kingdom, United States–Germany, United Kingdom–Germany, China–United States, United States–Canada, and France–3United Kingdom. Figure 6B shows the overlay visualization of the co-authorship, which is identical to the network visualization. The color of an item is determined by the score (average appearance time), where—by default—colors range from blue (lowest score) to green to yellow (highest score). At the early stage of the entire study period, the international cooperation is among the United States, Canada, France, and Norway, revealing that early attention to this field was from these countries (Figure 6B). Furthermore, the international cooperation from China starts later than that of most of the top countries, but the process of global collaboration in China is progressing quickly.
[image: Figure 6]FIGURE 6 | Co-authorship among top 21 most productive countries. (A), network visualization; (B), overlay visualization.
Based on the addresses of the authors in this field, 1,037 research institutions are involved. The top 20 most productive institutions over the entire 20 years are listed in Table 4. As shown in Table 4, as many as four of the top institutions in submarine landslide research are from the United States, accounting for 22% of the total articles from the top active institutions. The remaining institutions are from nine countries: France (3), China (1), Germany (3), Italy (1), Spain (1), the United Kingdom (2), Switzerland (1), Russia (1), and Canada (3), with a clear dominance of European institutions. France’s Centre Nation De La Recherche Scientifique was the most productive institution, with 425 publications, followed by the Chinese Academy of Sciences (204) and Germany’s Helmholtz Association (202). The highest average citation per publication is from the University of Southampton (United Kingdom).
TABLE 4 | Top 20 most productive countries in submarine landslide research, 2001–2020.
[image: Table 4]From 2001 to 2020, 21,921 authors are involved in the submarine landslides-related study. Table 5 shows the top 20 most productive authors, who are the most important contributors in this field. These authors are from 10 countries, and as many as six of the top authors are from the United Kingdom. Top authors from Germany (3), Spain (2), China (1), Italy (2), France (2), Switzerland (1), Canada (1), Belgium (1), and Norway (1) rank behind the United Kingdom. Talling PJ from Durham University contributes 43 publications to the submarine landslide field, followed by Alves TM (37) from Cardiff University and Masson DG (33) from the University of Southampton, who are all from the United Kingdom. Alves TM (12) contributed the most publications as first author and corresponding author (FP(RP)), followed by Mitchell DG (10) from the University of Manchester and Talling PJ (9). The average citation of the first author and corresponding author publications (FC(RC)/FP(RP)) can be used to evaluate the academic impact of the authors (Wu et al., 2015). In this paper, we calculated this ratio expressed as total citations of the first author and corresponding author per total publications of the first author and corresponding author. Masson DG and Talling PJ rank in first and second place with an FC(RC)/FP(RP) of 183.40 and 165.00, respectively, in academic impact (Table 5), indicating that the two authors have the most high-quality submarine landslide-related articles. Of course, this statistical result is only based on the statistical data of the paper, and the analysis does not consider the position of the authors, whether they are retired, and the situation of mutual research cooperation. We apologize for any possible injustice that this may cause.
TABLE 5 | Top 20 most productive authors in submarine landslide research, 2001–2020.
[image: Table 5]Further research directions analyzed according to the keyword network of submarine landslides field created with CiteSpace
To improve the understanding of the research hotspots and trends of a certain research field in a certain period, a quantitative analysis of article titles, abstracts, and keywords is often considered. In this subsection, we analyze the keywords of the field submarine landslide according to the research information from 2001 to 2020 by CiteSpace software. Figure 7 presents a cluster map of keywords from the publications. To generate clusters, we used the keywords’ metadata in CiteSpace. After running the program, the document keywords network identified 978 nodes connected by 1,352 citation likes. Each node in the document citation network is an individual reference/document. We found 28 clusters with modularity (Q = 0.8589) and mean silhouette (S = 0.9473). Generally, the modularity Q and the silhouette S act as important indicators of the cluster panoramic network. Each cluster homogeneity is determined by a Q score that ranges from 0 to 1; the silhouette S score is from −1 to 1 (Chen et al., 2010). High Q indicates a well-structured network, and S equal to 1 indicates a perfect separation from other clusters. Therefore, our results indicate that the clusters network is highly consistent. The areas of different colors indicate the time when co-citation links in those areas appeared for the first time (Chen, 2017). Areas in purple were generated earlier than those in blue (Figure 7). In addition, the clusters are numbered from 0, in order by the cluster size descending (Figure 7; Table 6).
[image: Figure 7]FIGURE 7 | A landscape view of keyword cluster network on marine landslides from 2001 to 2020 (LRF = 3, LBY = 5, and e = 1.0), Modularity Q = 0.8589, Weighted Mean Silhouette S = 0.9473, Harmonic Mean (Q, S) = 0.9009.
TABLE 6 | Clusters of document co-citation on the topic “submarine landslides”.
[image: Table 6]Figure 7 show how the research on submarine landslides has developed on a global scale in terms of timeline cluster location. A very high correlation among the keyword clusters from submarine landslides is presented in Figure 7, except cluster nos. 22, 24, 25, and 28. The areas of different colors indicate the time when co-citation links in those areas appeared for the first time. The left part of Figure 7 is dominated by green, which indicates the mean years of the clusters are young, and the right part is dominated by blue, which indicates the mean years of the clusters are old.
According to Figures 7, 8, 9; Table 6, we analyzed the cluster results of keywords in the submarine landslides research network to reveal the research situation and research frontiers in the field of submarine landslides. The five largest clusters are as follows: (1) cluster no. 0, labeled “gas hydrate”; (2) cluster no. 1, labeled “turbidity current”; (3) cluster no. 2, labeled “thin film”; (4) cluster no. 3, labeled “debris avalanche”; and (5) cluster no. 4, labeled “submarine canyon.” The five clusters with the strongest citation bursts are as follows: (1) cluster no. 0, labeled “gas hydrate”; (2) cluster no. 13, labeled “seismic geomorphology”; (3) cluster no. 16, labeled “submarine mass failure”; (4) cluster no. 1, labeled “turbidity currents”; and (5) cluster no. 19, labeled “mass-transport deposits.” Clusters no. 3, 10, and 17 are the three oldest clusters; clusters no. 7, 16, and 27 are the three youngest clusters. In terms of activeness, clusters no. 2, 6, 7, 9, 16, 21, 22, 24, and 26 remain active. Cluster no. 16, labeled “submarine mass failure; ” cluster no. 9, labeled “slump; ” and cluster no. 7, labeled “South China Sea,” present the strongest citation bursts among the active clusters.
[image: Figure 8]FIGURE 8 | A timeline visualization of the 28 keyword clusters from 1996 to 2020 based on 1-year slices. Circles of different diameters highlight references with different citation bursts.
[image: Figure 9]FIGURE 9 | Top 25 keywords with the strongest citation bursts of at least 20 years. This figure describes the strength of citation bursts. “Mass-transport deposit,” “submarine slide,” “chemical vapor deposition,” “mass transport,” and “south china sea” are identified as the five keywords with the strongest citation bursts.
Due to the many clusters, and the limitation of the scope and length of the article, our focus narrows to cluster no. 0 labeled “gas hydrate,” cluster no. 1 labeled “turbidity current,” cluster no. 7 labeled “South China Sea,” cluster no. 9 labeled “slump,” and cluster no. 16 labeled “submarine mass failure” to analyze the collected research and propose further research directions. For details on the other clusters, see the cited articles.
Cluster no. 0, labeled “gas hydrate,” is the largest cluster and has 71 members and a silhouette value of 0.94. It contains, for example, gas hydrate, slope stability, sea floor, Gulf of Mexico, and Storegga Slide. The two most actively cited publications reported that gas hydrate and related processes can trigger submarine landslides. Canals published an overview paper to describe and assess eight submarine instabilities. Gas hydrate destabilization or other processes linked to the presence of shallow gas have acted as final triggers of submarine landslides (Canalsa et al., 2004). Haflidason investigated the dating and morphometry of the Storegga Slide (Haflidason et al., 2005). The Storegga Slide is a large submarine landslide that occurred off the coast of southwestern Norway approximately 8,200 years ago and was caused by weak geological layers related to earthquakes or gas and gas hydrates (e.g., Mienert et al., 2003; Bryn et al., 2005). The Storegga Slide, as an important representative of submarine landslides, has been a major hotspot since it appeared in cluster maps in 2005. Its research provides an important reference for other areas of submarine landslide research.
Cluster no. 1, labeled “turbidity current,” has 52 members and a silhouette value of 0.942. It contains, for example, turbidity currents, multibeam bathymetry, cable breaks, sedimentary processes, and contourites. The two most actively cited publications are related to turbidity currents. Active submarine landslides and turbidity currents in the deep ocean can break transoceanic communication cables. Carter researched the causes, frequency, and behavior of damaging submarine flows according to the cable break databases in the Strait of Luzon off southern Taiwan (Carter et al., 2014). Turbidity currents, as an important sediment moving process, play an important role in the burial of organic material and thus in the global carbon cycle (Galy et al., 2007). Talling suggested that understanding the frequency timing and triggers of turbidity currents is important for understanding how sediment is moved globally, the effective recovery of oil and gas reserves, hazards to strategic cable networks, and the recurrence intervals of tsunamis and earthquakes (Talling, 2014).
Cluster no. 7, labeled “South China Sea,” had 35 members and a silhouette value of 0.927. It contains, for example, South China Sea, late Miocene, submarine fan system, triggering mechanism, and Messinian salinity crisis. Actively cited publications emphasized that continental margins and volcano flanks are the main areas where submarine landslides occur. Harbitz answered the questions about why landslide tsunamis are extreme and where landslide sources occur. Particularly notable is that submarine landslides caused many of the historical tsunamis in South and Southeast Asia. The tsunami hazard in Southeast Asia has received substantial attention. Harbitz suggested recurrence intervals, hazards, and uncertainties should be assessed to improve the understanding and hazard assessment of landslide tsunamis (Harbitz et al., 2014). China has conducted many investigations and studies in the South China Sea. High-resolution geophysical data and research results of many submarine landslides on the continental slope of the South China Sea have been obtained. Because these submarine landslides are at risk of sliding again, the focus of ongoing research will be the mechanisms of submarine landslides and their potential to trigger tsunamis (Sun et al., 2020). Sun et al. (2017), one of the actively cited publications, showed that free gas accumulation below mass-transport deposits (MTDs) should be considered an important geohazard in the South China Sea and the continental margins.
Cluster no. 9, labeled “slump,” has 33 members and a silhouette value of 0.966. It contains, for example, slump, dead sea, dead sea basin, mtd, and pore pressure. MTDs are the result of gravity-induced mass failures (slump) occurring on submarine slopes. Kneller et al. (2016), the most actively cited publication, discussed the implications for reservoir location, geometry and facies distribution, and subsurface identification associated with MTDs.
Cluster no. 16, labeled “submarine mass failure,” has 32 members and a silhouette value of 0.951. It contains, for example, submarine mass failure, hazard, tsunamis, uncertainty quantification, and wave. Tappin et al. (2014), the most actively cited publication, discussed whether the 2011 Tohoku tsunami was generated by a “dual source.” Tappin suggested that a submarine landslide and the earthquake contributed to the 2011 Tohoku tsunami (Tappin et al., 2014).
In summary, cluster nos. 0 and cluster 1, the main research directions of submarine landslides, were active from 1997 to 2019 and from 2001 to 2019, respectively. Although they were not active in 2020, those keyword-related studies in the two largest clusters are also found in the three active clusters no. 7, 9, and 16. We predict that the main research frontiers of submarine landslides will focus on the three clusters “south china sea,” “slump,” and “submarine mass failure.” Cluster no. 7, labeled “south china sea,” is a hotspot in research. Cluster no. 9, labeled “slump,” and cluster no. 16, labeled “submarine mass failure,” present research directions related to the economic (energy and ocean engineering) and security (hazard and tsunamis).
CONCLUSION
This study presented an overview of the global research on submarine landslides from 2001 to 2020 based on scientometrics analysis, including document types, publishing languages, subject categories, journals, the productivity of countries and authors, and co-occurrence keywords.
From 2001 to 2020, publications and citations on submarine landslides increased with an average annual rate of 7.5% and 24%, respectively. A total of 5,831 publications were listed in 75 WoS categories and 1,080 journals from 2001 to 2020. Geoscience multidisciplinary, Geochemistry Geophysics, Oceanography, Environmental Sciences, and Material Science Multidisciplinary are five often observed science categories, which show trends of increasingly extensive disciplines and steady growth. In addition, Marine Geology, Marine and Petroleum Geology, Journal of Volcanology, and Geothermal Research are the most productive journals on submarine landslides. Furthermore, Marine Geology plays an important role in the bibliography coupling network. That finding implies that the studies on submarine landslides increased in importance and complexity in global research.
The number of countries and institutions that have participated in submarine landslide studies is 126 and 1,037, respectively. The most productive countries are the United States, the United Kingdom, China, Germany, and France. Three clusters identified to have the strongest academic performance were located in North America, Europe, and Asia, indicating that international cooperation in conducting research on a global scale in the submarine landslide field is increasing. The most prolific institution is Centre Nation De La Recherche Scientifique (France), followed by the Chinese Academy of Sciences (China). From 2001 to 2020, 21,921 authors have been involved in submarine landslide studies. The academic impact of the authors was evaluated by TP, FP(RP), and the ratio of FC(RC)to FP(RP). Masson DG and Talling PJ contributed the most publications and possessed high-quality publications.
The research status and further research directions of submarine landslides are as follows: clusters “gas hydrate,” “turbidity current,” “thin film,” “debris avalanche,” and “submarine canyon” are the five largest clusters in the submarine landslide field when using CiteSpace; the three clusters “south china sea,” “slump,” and “submarine mass failure” are the main active research frontiers of submarine landslides.
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0 7 0940 2004 gashydrate (53.1, 1.0E-4); slope stability (38.63, 1.0E-4); sea floor (22.22, 10E-4); gulf
of mexico (20.09, 1.0E-4); storegga slide (19.83, 1.0E-4)

1 52 0942 2013 turbidity currents (20,09, 1.0E-4); multibeam bathymetry (13.86,0.001); cable breaks
(12,86, 0.001); sedimentary processes (11.61, 0.001); contourites (11.28,0.001)

2 50 0.963 2007 thin film (98.21, 1.0E-4); temperature (80.46, 1.0E-4); mass transfer (76.97, 10E-4);
mass transport (61.8, 1.0E-4); flow (48.72, 1.0E-4)

3 48 0976 2002 debris avalanche (95.1, 1.0E-4); submarine landslide (72.68, 1.0E-4); canary islands
(69.78, 1.0E-4); el hierro (36.15, 1.0E-4); debris avalanches (30.42, 1.0E-4)

4 45 0933 2008 submarine canyon (63.21, 1.0E-4); architecture (44.02, 1.0E-4); basin (38.66, 1.0E-4);
canyon (26.67, 1.0E-4); fan (23.85, 1.0E-4)

5 44 0955 2005 mechanism (6294, 1.0E-4); film (45.88, 1.0E-4); chemical vapor deposition (34.96,
1.0E-4); chemical composition (28.57, 1.0E-4); mobility (24.29, 1.0E-4)

6 36 0992 2005 transport (132.86, 1.0E-4); deposition (93.64, 1.0E-4); continental margin (37.06,
1.0E-4); morphology (30.93,1.0E-4); slope failure (2091, 1.0E-4)

7 35 0927 2016 south china sea (19.37, 1.0E-4); late Miocene (14.94, 0.001); submarine fan system
(11.17,0 001); triggering mechanism (10.55, 0005); messinian salinity crisis (9.5,
0.005)

8 34 0.897 2007 deposit (57.09, 1.0E-4); adsorption (33.57, 1.0E-4); cloud (26.08, 1.0E-4);
emplacement (22.98, 1.0E-4); behavior (2175, 1.0E-4)

9 33 0.966 2014 slump (27.65, 1.0E-4); dead sea (2571, 1.0E-4); dead sea basin (23.02, 1.0E-4); mtd
(18.59, 1.0E-4); pore pressure (14.36, 0.001)

10 3 0.882 2008 continental slope (53.47, 1.0E-4); south china sea (44.11, 1.0E-4); aerosol (18.47, 1.0E-
4); gulf (16.56, 1.0E-4); shelf-edge wedge (12.93, 0.001)

i 33 0.886 2007 evolution (8167, 1.0E-4); origin (50.51, 1.0E-4); geochemistry (37.12, 1.0E-4); debris
flow (33.33, 1.0E-4); sea (30.36; 1.0E-4)

12 33 0995 2009 magnitude (18 04, 1.0E-4); submarine mass failures (12.68, 0.001); atlantic ocean
(9.69, 0.005); 2010 maule (8.22, 0.005); catalog (8.22, 0.005)

13 32 0971 2010 seismic geomorphology (54.81, 1.0E-4); magallanes basin (14.23, 0.001); tsunami
(1421, 0.001); mass-transport deposits (14.02, 0.001); structural evolution (13.88,
0.001)

14 32 0912 2009 model (63.06, 1.0E-4); simulation (44.35, 1.0E-4); numerical simulation (41.49, 1.0E-
4); impulse wave (29.69, 1.0E-4); impact (21.5, 1.0E-4)

15 32 0.990 2006 fluid flow (38.37, 1.0E-4); system (31.88, 10E-4); circulation (24.51, 1.0E-4); water
(23.58, 1.0E-4); heavy metals (19.62, 1.0E-4)

16 32 0.951 2013 submarine mass failure (30.47, 1.0E-4); hazard (20.29, 1.0E-4), tsunamis (20.13, 1.0E-
4); uncertainty quantification (18.05, 10E-4); wave (14.83, 0.001)

17 31 0.885 2007 earthquake (36.35, 1.0E-4); submarine debris flow (32.99, 10E-4); landslide (27.58,
1.0E-4); impact force (26.38, 10E-4), stress (17.05, 10E-4)

18 30 0954 2011 soufriere hills volcano (27.73, 1.0E-4); record (24.33, 1.0E-4); pyroclastic flow (21.13,
1.OE-4); lake sediments (20.79, 1.0E-4); debris avalanche (158, 1.0E-4)

19 29 0985 2009 mass-transport deposits (314, 1.0E-4); mass transport deposits (22.49, 10E-4);
tsunami (16.6, 1.0E-4); mass transport deposit (15.87, 1.0E-4); deep-waler deposits
(15.49,1.0E-4)

20 28 0902 2003 sea level (15.72, 1.0E-4); tsunamis (13.04, 0.001); geotechnical engineering (11.11,
0.001); tsunami (9.92, 0.005); bahamas (9.4, 0.005)

21 28 0933 2010 performance (63.98, 1.0E-4); surface (61.83, 1.0E-4); growth (50.54, 1.0E-4);
oxidation (43.28; 1.0E-4); fabrication (37.48, 10E-4)

2 27 0948 2003 hawaii (51.1, 1.0E-4); mauna loa (27.8, 10E-4); Kilauea volcano (19.54, 1.0E-4); rift
zones (18.52, 1.0E-4); hyaloclastite (9.25, 0.005)

2 27 0975 2007 storegga slide (19.48, 1.0E-4); arctic ocean (16.24, 1.0E-4); shear band propagation
(1472, 0.001); shear band (14.72, 0.001); slopes (13.93, 0.001)

2 23 0970 2016 supershear (47.94, 1.0E-4); Sulawesi (39.93, 1.0E-4); Indonesia (31.53, 1.0E-4); palu
tsunami (23.93, 1.0E-4); rupture (19.47, 1.0E-4)

25 20 0991 2006 underwater landslide (32.36, 1.0E-4); wave energy (18.64,.0E-4); deforming slide
(18.64, 1.0E-4); form (18.64; 1.0E-4); impulsive wave (18.64, 1.0E-4)

26 19 0934 2005 mass (12.62, 0.001); marmare sea (11.65, 0.001); north analolian fault (9.2, 0.005);
landslide-fluid interaction (7.32, 0.01); double couple (7.32, 0.01)

27 17 0993 2013 karoo basin (12,82, 0.001); depositional architecture (10.56, 0.005); levee (9.41, 0.005);
submarine lobe (8.01, 0.005); outer-fan succession (8.01, 0.005)

28 7 0.985 2007 late pleistocene (20.42, 1.0E-4); san andreas fault (18.05, 1.0E-4); cascadia subduction

zone (16.63, 1.0E-4); sedimentary processe (12.56, 0.001); nankai trough (10.51,
0.005)
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Talling PJ 43 9 165.00 2522 5865 26 United Kingdom
Alves TM 37 12 4041 843 2278 19 | United Kingdom
Masson DG 33 5 183.40 3273 99.18 2 United Kingdom
Strasser M 31 6 48.67 958 3090 18 Switzerland
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Wu SG 28 7 1971 530 18.93 14 China
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author; TC, total citations; TC/TP, average citations per publication.
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Marine Geology 327 5.608 10,891 3331 3548 5724 53
Marine and Petroleum Geology 182 3121 | 6292 3457 | 4.348 [ 4.606 42
Journal of Volcanology and Geothermal Research 100 1715 3,195 3195 2789 6273 32 |
Geomorphology 91 1561 2045 2247 4.139 5500 26
Journal of Geophysical Research-Solid Earth 90 1543 3,865 4294 3.848 8417 35
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Geochemistry Geophysics Geosystems 76 1303 2089 27.49 3624 3727 27
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Geophysical Research Letters | 66 i e 2,137 | 3238 a0 1ss 28 |
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Pure and Applied Geophysics 56 0.960 1,083 19.34 2335 10917 19
Journal of Sedimentary Research 54 0926 1960 36.30 3324 1.000 2
Science of the Total Environment 54 0926 1,630 30.19 7.963 5286 23
Landslides 53 0909 870 16.43 6.578 8591 16
Natural Hazards 53 0.909 870 16.42 3.102 3250 18
7 Geology 51 0875 2178 4217 5399 | 6222 26

Notes: TP, total publications; TP (%), percentage of the submarine landslide-related publications in the journal of the total submarine landslide-related publications; TC, total citations; TC/TP,
average citations per publication; IF, impact factor on 2020; AIF, articles impact factor.
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